Abstract. A thermal parametric model has been developed for analyzing observed regional sea temperature profiles based on a layered structure of temperature fields (mixed layer, thermocline, and deep layers). It contains three major components: (1) a first-guess parametric model, (2) high-resolution profiles interpolated from observed profiles, and (3) fitting of high-resolution profiles to the parametric model. The output of this parametric model is a set of major characteristics of each profile: sea surface temperature, mixed-layer depth, thermocline depth, thermocline temperature gradient, and deep layer stratification. Analyzing nearly 15,000 Yellow Sea historical temperature profiles (conductivity-temperature-depth station, 4825; expendable bathythermograph, 3213; bathythermograph, 6965) from the Naval Oceanographic Office's Master Oceanographic Observation Data Set by this parametric model, the Yellow Sea thermal field reveals dual structure: one layer (vertically uniform) during winter and multilayer (mixed layer, thermocline, sublayer) during summer. Strong seasonal variations were also found in mixed-layer depth, thermocline depth, and thermocline strength.
Introduction
The Yellow Sea is a semi-enclosed basin covering roughly 295,000 km 2 and is one of the most developed continental shelf areas in the world seas [Yanagi and Takahashi, 1993] . While the Yellow Sea covers a relatively large area, it is quite shallow, reaching a maximum depth of about 140 m (Figure 1 ). The water depth over most of the area is less than 50 m. The deepest water is confined to a north-south oriented trench which runs from the northern boundary south to the 100-m isobath, where it fans out onto the continental break. The gradients in slope across the bottom are very small. Such a broad and shallow continental shelf leads to the fact that the water is readily affected by seasonally varying atmospheric conditions such as heating, cooling, and wind stress. Therefore the seasonal variation of the water masses is remarkably large. Another feature of the depth distribution is the east/west asymmetry. Extensive shoals (<20 m) are located in the western Yellow Sea along the Chinese coast and are not generally found in the South Korea coastal regions. Also, the 50-m isobath is located more than 100 km from the Chinese coast but only about 50 km from the South Korea coast. This asymmetry in bottom depth is important for the shoaling mixedlayer depth. Furthermore, the hydrographic character of water masses in the Yellow Sea also depends on the degree of mixing of fresh water originating from the China continent river runoff with the intrusion of East China Sea and Kuroshio waters. 
Master Oceanographic Observation Data Set (MOODS)
The MOODS is a compilation of observed ocean data worldwide consisting of (1) temperature-only profiles, (2) both temperature and salinity profiles, (3) sound-speed profiles, and (4) surface temperatures from drifting buoys. These measurements are, in general, irregular in time and space. In this study we analyze temperature profiles measured from a variety of instruments. Due to the shear size (more than six million profiles) and enormous influx of data to NAVOCEANO from various sources, quality control is a difficult task. Our study domain includes the area 32ø-41øN and 118ø-127øE; the data set within this region consisted of nearly 15,000 profiles after rejecting certain data during quality control. These primary editing procedures included removal of profiles with obviously erroneous location, profiles with large spikes, and profiles displaying features that do not match the characteristics of surrounding profiles. In shallow water this procedure can be partially automated but also involves subjective interpretation because of the undersampling of MOODS compared to the spatial and temporal variability of the oceanography.
Seasonal Variation of the Atmospheric Forcing
The Asian monsoon strongly affects the Yellow Sea thermal structure. During the winter monsoon season a very cold (thermal forcing), together with the strong wind stress (mechanical forcing), generates turbulence and mixes the surface water with the deeper water. The mixed layer is at its deepest (usually fills the whole water column) during winter owing to both convection and wind mixing by the strong northeast monsoon winds. The change of season begins in March when the surface air temperature is 5øC warmer than in February. Rapid weakening of the Siberian high progresses into April.
In late April the polar front has moved northward toward Korea with warm, moist air following behind. Numerous frontally generated events occur, making late April and May highly variable in terms of winds and cloud amount. By May the daily high surface air temperatures rise to 15ø-16øC. During this period, storms originating in Mongolia may cause strong, warm westerlies carrying yellow desert sand (termed the "Yellow Wind"). By late May and early June the summer surface atmospheric low-pressure system begins to form over Asia. Initially, this low-pressure system is centered north of the Yellow Sea, producing westerly winds. In late June this low begins to migrate to the west, setting up the southwest monsoon that Figure 3b ). In this study the thermal parametric model consists of seven depths (i.e., six layers) and six gradients as shown in Figure 4 . The first and last depths are assumed to be at the surface and bottom, respectively, and the gradients within the mixed layer and thermocline are constrained to be constant. The gradients for the four other layers are assumed to vary with depth linearly. The mean gradient is taken as the representative value for these layers. The model parameters are calculated in the gradient space, which will bring larger numerical errors due to the differentiation. We will use the optimization to filter out the noise.
Thermal Parametric Model
If we consider profiles in the gradient space, i.e., G r = OT(z)/Oz, each profile can be represented by the surface value (SST) plus the gradients, e.g., We use (la)-(lf) to obtain 242 modeled profiles, among which we pick a profile with minimum RMS error as the (k + 1)th-order set of depths, D (/• + •). We repeat this procedure until the minimum RMS error is achieved. We have two check points to terminate the iteration: the maximum number of iterations kma x and the RMS error criterion Re. At each iteration (k < kmax) , RMS © is compared to a user-specified criterion R•. If RMS © < R•, we terminate the iteration and obtain an optimal set of depths. If RMS © > Re, we continue the iteration until k = kma x. If the RMS error at the kma x iteration is still greater than R•., we should reject the parametric model (la)-(lf); that is, the HP profile cannot be fitted by the parametric model. The rejected profiles are discarded. In this study we chose kma x = 400, R•. : 0.4ø(2. This RMS criterion (0.4ø(2) was chosen due to the accuracy of the temperature/depth (_+0.2øC, +2 m) measured by the bathythermograph (BT). If the data are obtained by more accurate instruments (e.g., thermometer), this criterion can be greatly reduced. The number of rejected profiles is 1232. The six temperature gradients were updated at each iteration. A set of the six optimal gradients is obtained when the RMS error of the temperature profile is less than the criterion.
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Yellow Sea Shelf Thermal Features
The parametric model ( [Hsueh, 1988] .
3. During the summer monsoon season, on the other hand, SST has a strong temporal variation. In the central Yellow Sea, SST increases rapidly from May through July (warming rate -7øC/month) and stays warm (above 20øC) through September. SST noticeably cools from September through December (--4øC/month). The rapid change is due to a shallower mixed layer during the summer monsoon season. The heat gain (or loss) at the ocean surface warms (or cools) only the mixed layer, causing a rapid change of SST.
4. The seasonal variation of sea surface temperature has its the largest value (-20øC) in the northern Yellow Sea (north of 37øN) and decreases southward.
The SST over the Yellow Sea has a strong annual cycle. In the central Yellow Sea (123ø-124øE, 36ø-37øN ) the maximum SST (25.2øC) appears in late July and early August, and the minimum SST (7øC) occurs in March (Figure 6a ).
Mixed-Layer Depth
By late win_ter the water throughout the Yellow Sea is very isothermal. During onset of the summer monsoon an increase in the solar insolation and weakening winds begin the stratification process on the Yellow Sea Shelf. This is supported by a strong annual cycle of MLD in the central Yellow Sea (123 ø-124øE, 36ø-37øN 5. The mixed-layer depth is also affected by the large discharge from surrounding rivers (Yangtze River, Huangho River, etc.). As reported by Yang et al. [1983] , the discharge from the Yangtze River is maximum in July (16% of annual discharge) and minimum in January (3% of annual discharge).
Near the Chinese coast the mixed-layer depth is minimum in July (less than 2 m).
6. The mixed-layer depth is strongly influenced by tidal mixing in shallow regions such as along the Chinese coast in water less than 20 m deep. The amplitudes of M 2 and S2 tides there are larger south of 34øN than north of 34øN [Yanagi and Inoue, 1994] , which implies stronger tidal vertical mixing (in turn thicker mixed layer) south of 34øN. This can be clearly seen in September and November MLD plots (Figure 7 ).
Prominence of the Seasonal Thermocline
July is a month of strong surface heating as witnessed by the sharp increase in SST shown in Figure 5 . As a result the Furthermore, near the Chinese coast the MLD has a minimum in July (less than 2 m). This is mainly due to the maximum freshwater influx at the major river mouths in July. The mixedlayer depth at the southwest corner of the Yellow Sea (near the Yangtze River mouth) increases from 2 m in July to the whole water column in November.
6. This parametric model can also be used to process output from any dynamical model and to obtain meaningful products, i.e., MLD, thermocline depth, thermocline strength, and deep layer stratification.
